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ABSTRACT

‘1’hc new-infrared Oz(al A9) airglow emission froln the Venus lncso~)ausc  (W 100 km) is sur-
~)risingly illtcnsc and variable. Spectroscopic observations acquired in 1975 indicated day
and niglltsidc  emission rates of 1.5 and 1.2 Mcga-Raylcigh (1 MR =- 1012 photons cm- 2 s - 1
into  47r stcraclians).  The observed airglow  intensities arc puzzling }Jccause they indicate that
more than half of the atomic oxygen that is produced through tllr photolysis  of C02 on the
day side of Venus must recombine to produce 02 in tl(c excited (a’ A9) state. Existing labo-
ratory mcasurcnnents  indicate that this rcacticm should have quantum efficiencies no larger
tha~l  a fcw ~mrccnt,. More rcccnt  observations reveal even lar.gcr 02 (al A~) airglow intensities
(> 5 MI{,)  as WCII as dramatic spatial and temporal variations in t,}lis  airg]ow. High reso-
lution  (0.3 cm- 1 ) spectra of the Venus night, side obt aincd with tllc Canada France Hawaii
Telescope F’ouricr ‘Hansform Spectrometer in 1991 cmlfirm that  Q (a ] A9) ixltensiti~s  greater
than 1 MR. arc common and indicate rotational tcml)craturcs  of 186 + 6 K in the emitting
layer. Spectral i:nage cubes taken with the Anglo-Australian Telcscopc/InfraRcd  Imaging
S~mctromctcr and the Canada France  Hawaii Tc]escopc  lmagin~;  F’ouricr ‘1’ransform Spcc-
tromcter  cluring  1991, 1993, and 1994 ~movidc  a more complete dmcri~)tion  of the spatial and
temporal variability in this emission. Images extracted at wavelengths within the Cb(al A9)
Q-branch (1 .269 iun)  oftmi show contrasts larger than 10 to 1 across the liight side. Even
though  tllc disk-averaged intensity is comparable to t,)lat seen in 1975, sornc localized regions
arc more than five times  as bright. The brightest emission is oftc]i co]] fined to 1000-2000 km
diameter spots at low latitudes, at local times bctwccn midnight and 3 AM. The intensity
of these  sl)ots can change by 20Y0  in less tha]l 1 hour, and they cau vanish entirely  in less
than onc day. ‘1’hcse observations arc being used to derive a lnorc complete clcscription  of
the chemistry and dynamics of the upper  mcsosphcrc  of Venus.

1. Introduction

Ground-based sl)cctroscopic  observations of Venus acquirccl  in 1975 rcvca]cd  intense 1.27 pm
02(a1  A9) airgjow emission from both  the day a~ld IIight sides of the ~Janct. C07L?LCS et a~”
[1979] used tl]c F’ouricr Transform Spcctromctcr  (F7’S) on tllc I’alolnar  $ln Ilale  telescope tjc)
take higll-rcsolut,ion  (~/AA  N 400,000) spcct  ra of la]gc (5 x 10 a.lc-second) regions of the 20
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arc-second (“) disk. Averages of spectra takcnl during 6 nig]]ts in November and Dccxvnbcr
indicated daysidc  slid nightsidc  emission rates  of 1.5 & 0.3 and 1.2 + ().3 MI{,. ‘1’hcsc large
illt,cnsitics  were surprising, because they indicated that the llear-illfrarcd  airglow was about,
1000 times brighter tha~l  the visible Oz airg]ow detcctcxl by tl)c VC7LC7W 9 ancl 10 lJrobcs
[l{r{i.~,,o],c)l’.sky  1983]. 6’onncs d al. concluded that tl)is ncal-infrad airglow was ~,rimarily
a co]lscqucnm  of the recombination of atomic oxygen  1 hat is lnoduccd  by the UV photolysis
of CX)Z 0]] the day side of Venus. The direct 2-bo[ly  rccombinatiml  of oxygyn atoms is
spin forbidden, but  0--0 bonds can be formed by 3-l)ody  a]ld catalytic reactions (Table 1)
that arc sufficiently cxothcrmic  to produce Oz in the cxcitcd (01 A9) state. ‘1’hc airglow is
thcll INoduced  (within w 3800 s) when each ]JIO]CCU](: emits a l)hoto]l at wavelengths near
1.27 ~ml and returns to its ground state [Krusnopo)’sky  1983]. At)nos~)hcric  chemistry moclcls
indicate that the majority of this airglow  is ~)roduce(l  in tllc up]wr ]ncsosphcrc and lower
thcrmos~)hcre of Venus (W 90-115 km), bccalwc  col]isional  qucncllillg  dolninatcs  radiative
de-excitation at lower altitudes [ ~onncs  et al. 1979;  fiLn$’  and ]) CTILOT’C  ] 982; ~loughcr and
llorti,cki  1994]. ‘1’hc silnilarity  of the measured day alld nightsidc  illtcvlsitics  suggested that,
unlike in the at~nosphcres of Earth and Mars, ozone IJhotolysis  ])lays a relatively Ininor role
in the l)roduction  of the 02(a113g)  airg]ow, ,since this mccllanislll  works only on the day
side. ‘1’l]c brightness of the nightsidc  emission, and {he relatively snort  lifetime of atomic
oxyge]l  at these levels (~ 1 day at 90 km) were intcrl)rcted  as cvide]lcc  for rapid transport,
from the day to the night sides of the planet [Connes et al. 1979], ‘1’llcsc conclusions IIavc
been reinforced by Pioneer Venus observations [Seifl”  et al. 1980, 7hy/or d al. 1980] a n d
by chemical and dynalnical  models of the Venus atmosphere [cf. Yung and Demore, 1982;
Ilou#Lcr  and IIorucki  1994].

The near-i]lfrarcd 02 airglow  intensities recorded by Conncs d d. arc still puzzling, how-
~l,cr, ~)ccallsc  they  illll)lY  glo~allY-illtcgratcd 02(u,] A9) production  rates compara~lc  to th(:
(X)2 ]Jloto--dissociation  rates in the Venus atnlosphel  c. Yung and l~emore  [1982] assumed
Oz (al A~) quantum yields near 66% in their model, and derived airp;low  intensities only about
}mff as large as those observed. RCCCIlt laboratory lllcasurcmc~lts  of 02 (01 A9) production
rates have only added to this ap~)arent  deficit because t hey indicate 02 (al A~) quantum  yields
of on] y a few ~)crccnt for the reactions listed ill Table 1 [Leu et al. 1987]. These results have
both raised doubts abcmt the accuracy of the calibratjioll  of tlllc  observed intensities [ Yung
a71d l~cnLorc  1982; hIL d al. 1987] ancl  motivated scarchcs for o{llcr chclnica]  mechanisms
to })roducc  this airglow. l’or example, l.eu et al. [198’i]  proposed tflat  the photolysis  of S02

could lnovidc  an adequate source of atomic oxygen ii” the nominal mcsosphcric  S02 mixing
ratios (assumed to be w 0.1 ppm) were enhanced by al lout  a factor of 100 at the ti:nc con?ws
ct al. made their measurements. ‘1’his hypothesis could not be tested directly, because the
first lllc:as{lrclll(:l]tJs  of S02 in the Venus atmosl)hcrc  vrcre not maflc until several years after
the 02 airglow was observed [Barker 1 979].

‘lb address these issues, and provide improvccl  constraints on tllc chemistry and dynamics of
Ijllis part of tllc Venus atmosphere, we acquired new nf:ar-infrared  imaging and spectroscopic
observations of Venus ill 1990, 19!31, 1993, an(l 1994. ‘1’hcsc  obsmvations  not only confirmed
that disk-averaged 02(al  A9) intensities exceeding 1 N! I{, arc conunon [Meadows,  1994], they
also rcvcalcxl  dramatic spatial and temporal variatiolls  in the airg]ow on the night side of
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‘J’able 1: Photodissociation  and Recombinant ion Reactions for QJa] A9).——. ———  ——— — —.. — —-

Photodissociation  Reaction:

I CQ i- }11/ --) co +- o

Recombination Rcactions:[] ’21

O+ O+A4 + 02+ A4-t-4.19cv

C l +  OS a CIO + 07(a1A~) + O.MICV

O-t  CIO ~ Cl-t 02( CL]AJ + 1.41 CV

H 02 -I O a 011 -t OZ(CLAJ + 1.31 eV

[]] Rotlunall (1 982). [2] National lnstitutc  of Sta~ldatcls al,d ‘1’ccl)],ology (NIS’T),  Standard Itcfmwcc

Database 25, ‘Wructure and Properties vcrsio]l  2.02”, January 1994.

Venus [Crisp et al. 1991; Allen et al. 1992]. The back{; round air@ow intensities on tl)c night,
side vary from almost  xcro to values like those recorded by (:07 LrLcs et al. [1 979], but some
isolated regions arc about 5 times as bright. 7’llc  bri{~htcst regions arc often located at low
latitudes just to the west of the anti-solar poirlt, (dowIIwind,  assuming retrograde zonal flow)
or on the limb. These bright. regions have lifetilncs of about one da-y. A complete description
of these observations is included in section 2.

To derive 02 (CL1 A9) production rates from tho observed airglow il)tc~lsitics,  the observations
must be corrected for viewing-angle effects a]ld reflection from the underlying sulfuric acid
cloud tops. To avoid confusion bctwccm the observed intensities and inferred 02 production

rates,  wc have expressed the observed airglow  radiances in S1 units (mW m- 2 sr- ] ). For
reference, C07-17MX d al. [1979] reported observed intensities for tllc day and night sides of
Venus as 4.3 and 3.4 MR. !t’hcsc  intensities corrcs~)ond  to 0.54 ancl 0.43 mW m-2 sr-l. The
factors needed to obtain 02 emission rates from the ol)scrvcd radiances arc derived in section
3.1. The inferred emission rates arc then in Ml{ to fa cilitatc  co]nl)arisons with earlier work.

The physical and chemical processes that arc responsible for the observed spatial and tcm-
~Joral  variatiol~s  in the 02(a] AQ) airglow  arc not, y~l understood, but these observations
should eventually provide additional insight into the chemistry al]d dynamics of the upper
atmoslhcrc  of Venus. For example, the dynamics at these levels arc thought to be charac-
terized  by the superlmsitio]]  of a sub-solar to anti-solar (SSAS) flow and a weaker zonal  flow
[Dicki?~son altd liidley,  1977; Shah et al. 1991; Goldstein ct al. :1991; LC11OUCIL et al. 1994;
Boughcr  and Jlorwki  1 !394].  The brightest- regions of’02 airglow  011 the night side might be
associated with t,hc locations of maximum subsidence since these regions have the largest
atomic oxygen  supp] y rates from the day side [Crisj~ et al. 1991; A1lCTL  et al. 1992]. T h e
observed local time of these bright regions would t] 1 cm provi(ic  constraints on the relative
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st,rcmgt,hs  of the SSAS and zonal  components of the cil culation  [lloug}Lcr  am! Doruckz  1994].
ml~ obscrvccl  variability might be associated with gravity-wave-induced turbulence at these
altitudes, like that proposccl  by Alexander [1992], or the availability of trace constituents
that arc essential to the production of (Jz (a] Aq), or other proccxscs,  ‘1’hesc possibilities are
explored in greater detail in Section 4.

2 New 02(a1Ag) Airglow Observations

New obsmvations  of the 1.27pm 02 airglow from tllc day and Ilight, sides of Ve]lus were
collected from grouncl-based observatories in 11 awaii and Australi  a before and/or after the
Venus inferior coxljunctions  in January 1990, August 1991, April 1993, and November 1994.
This section summarizes the principal  results from these observing programs, and compares
these results to those reported by Connes et al. [1979] and tkose collected by t,hc Galileo Near
infrared Mapping Spectromctcr  (NIMS) duri~lg the 10 February 1990 Venus flyby [Drossurt

d cd. 1993]. Wc focus our discussion on the ailglow cn]ission  from tllc IIight side of the planet
because the daysidc airglow is much more difficult to cliscriminatc from the rcflcctcd sunlight,
ancl bccausc  the mechanisms that produce t}lc nightsidc  airglcnv arc lCSS well understoocl.

2.1 l?ebruary 1990 AAT/FIGS observations:

Ground-basccl  spectroscopic observations of the VCI)US  night side were obtained with the
Fabry-1’trot, lnfrarcc] Grating Spectromctmr (FIGS) at the Anglo-Australian ‘J’clcscope  (AAT)
on 10 l’ebruary  1990, just before the Galileo Venus 131countcr  [A llm 1990; Crisp et aL 1991].
l’hc AK1’/l~IGS  s~wctra have lC)W to moderate spectral rcsolutic)]l (A/AA -600 to 1280),
but IIi.gh slmtial  resolution (1 .4” aperture OD a 49” clisk).  A low-]csc)lution  spectrum taken
near the sub-1’~arth  point on February 10 mvealccl a weak 1.’269 ~ml 02 (al A9) airglow feature
supcriln~)osed  on a broader, clecp-atmosphere thermal emission winclow, centcrcd  near 1.28
~un ([Crisp et al. 1991];  Figure 1). The Galileo NIMS cx~)erilnent  detectecl  somewhat
brighter 02 emission in an isolated region of the nig,ht side at al)cmt 39 S latitude on the
same day [Drossm-t et al, 1993]. A moclcratc-resolutic)n  AAT/FIGS nightsidc  spcctrurn  taken
011 13 ]~cbrllary  more clearly discriminated the 02(a1 A9) from the clcwp-atmosphere thermal
emission fc!ature (1’’i.gurc 2). The spectrally-integrated intensity c)f the 02 Q-branch was
~ 0.18 nlW nl-2  sr-l. ‘1’hc Q-branch accounts for N 60% of the total band strength (in local
thc?rmodynamic equilibrium). These results therefore indicate ba,l]cl-integrated (P-, Q-, and
]1-branch) intensities near 0.3 mW m-2 sr- 1. ‘1’}lc  inte~lsity of the 02 emission dctectcd  ill the
low-rcsoluticm  FIGS  spectrum from 10 F’cbruary  was very difficult ttc) determine dircctl  y, but
comparisons with a smoothed version of the 13 February l“1(; S s~mctrum illdicates  similar
emission rates (1’’i.gurc 1).
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Figure  1: IJow- resolution (A/AA w 600) s~mctrum  of the Venus ~light side taken with
AAT/FIC;S  o]] 10 February, 1990 (solid line). The e][lission  maxiljlu~rl ccntcrecl at 1.277jun
is a slmctral  window that allows thermal radiation to cscapc from altitudcx  Lctwccn 15 and
25 km. The Q-branch of the 02(01 Ag) airglow  hand appears as a snla]l  bum~)  on the shoul-
der of this window at 1.269pm. ‘1’hc dashed line shows a version of the moderate-resolution
(A/AA N] 280) AAq’/FIGS  spectrum from 13 Fchruary, 1990 t,]iat has been smoothed and
scaled to match the 10 l’cbruary  spectrum at the l)cak of the 1.277~ml  thermal emission
window. ‘1’his com~)arison indicates that  the (12 airglow  intensities were comparable in these
two spectra.
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Figure 2: hlodcratm resolution (A/AA ~ 1280) s]xzt]um of the Venus night side taken with
AAT/1’IGS  on 13 Fcbmary,  1990. T}lc 02 Q-branch at 1.269/m  is more easily  distinguished
from the 1.277pm thermal emission window at this r{!solution.
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2.2 June 1991 Cl? HT/FTS observations:

High resolution spcctn of selected regions of tlIc day and night sides of Vcnnls  wmc obtained
with  the l“ouricr  ‘1’ransform Spcctromcter  (l{’TS) o]] the C a n a d a -  1{’rancc-llawaii ‘Jklmcopc
(C1’llrl’) on 27 June and 1 July 1991. A 5“ circular cntrancc  al)crturc  was used, and the
angular sim of Venus was N 28”. Spectra takcll on 2’/ June  have low signal-to-noise (S/N)
bccausc  they were acquired on a sunlit  sky, just as the cru~)timl cloud  f’roln Mount l’inatubo
began to pass overhead. Wc therefore smoothed these spectra with a triangular slit function
with a full-wicltll-at  half-maximum (FW1 IM) of 1 CN- 1 to yield  all cfk!ctivc slJcctral resolu-
tion  of A/AA w 7 8 8 0  (l’’igurc 3). Ius])itc oftll(!irInodc!st  S/N, tllcscC )l.)scr\’at,iolls] Jrovidcd
the first direct cvidcncc for significant spatial variatiolls  in th(! 02 (o 1 A$) airglow on tllc night
side of Venus. obsmvations  ccntercd  near 10 IN, 5 NT, and 10 S lilt itudc rcvcalcd airglow in-
tensities  that  differed by a factor of 4. CFHT/FTS spectra of the Venus day and night, sides
were also taken on July 1. lJnlike the earlier spectra, these obsc] vations were taken after
sunset and have ~nuch higher S/N (W 40; Fi?;urc 3). The lligl~-r(:soll]tio~l  (A/A~  N 7880)
nightsidc  s~mctrum taken at WI 5S latitude clearly rcsolvcx individlla] oxygen cnlission ]incs

in the P- and 1{.- branches of the 02(a]Ag) band ncal 1.269 )Hn. ‘J’hc spectrally-integrated
OZ airglc)w intensity cxcccds  1.1 mW m-2 sr-l. This was about six tilnw brighter tllau  that
seem on 27 June, and about a factor of 2 larger than tllc nightsidc  average values reported by
Conncs d al. [1979]. Coml)arisons  of intensities of illdividua] rotational transitions in the
1’- and R--branches of this emission spcctruln  indicated  rotatio~lal  tcmlwraturcs of 186+6 K
(Figure 4) in tJlc emitting layer [Crisp et al. 1992]. This tcm~mratur[!  is comparable to that
derived by Conncs et al. [1 979], (18.5+15 K).

2.3 July 1991 AAT/IRIS observations:

The first s~mtially-resolved images of the 02 airglow  (m the nig]lt  side of Venus were taken
with the lnfralhxl ]maging  Spcctrometcr  (IRIS) on the Anglo Australian ‘1’clcsco])c  (AA’I’) in
July 1991 [A llcn et al. 1992]. IRIS is a near-infrared calncra/sl)ccllol~  lctcr with a 128 x 128
(NICMOS2)  detector [Gillinghmn and Lankshcar 1990; Allen  et al. 1993; Meadows 1994;
Meadows and Cris~~, this issue]. WC used the .J-hand (0.9 1.317 ~ml) cchclle grism aud a
1.4 x 12“ slit to produce spatially resolved spectra with a spectral rcsolut,ioll  of A/AA w 400,
and spatial resolution of 0.8’’/pixcl. Spectral image cubes were coln~)ilcd  by allowing Venus
to drift pcrpcndicu]ar  to the slit, while recording  spectra at slit positions separated by 0.6”.
Several “drift-scans” are combined to produce a full-disk image of Venus.

Figure 5 shows the spatial distribution of the 02(al A{,) airglow  ol)scrvcd  01127 and 28 July.
‘J’hc Venus disk was w 42” in diameter, its ~)hasc  was w 0.18, and t,hc sub-Itarth point
was in t,hc cvcni)lg  hcmisphcrc  o f  th(! pl auctl. l’hc 27 July ilnagc was derived from the
sl)cctral  ilnagc c u b e s  dcscribcd  by A1lCTL  d d. [1!392], but this ima~;(!  has  been ~)rocwxwd
furtllcr  to (i) rcunovc contributions from the dcc~)-atll~os~)llerc  thcr~]lal  emission, (ii) combiuc
the emission from the P-, Q-, and R-branches of th~ OZ (~1 &) lElnd,  and (iii) provide an
i]nprovcd absolute radiometric  calibration [Meadows 1994]. 0]1 Lllis  date, the Venus night
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Figure 3: C1’’ll7~lWS’  symtra  illustrating the spectral structzm and variability oj the L+ ~ A)
airglow emission. 7’}LCSC spectra are oflsct by 0.2 W ~n-2 sr- 1 ~lm- 1 jor clariiy.  The bottom
3 spectra were acquired by centering the 5 arcsec aperture rLt poi~lis  near 10 N (bottom), 5
N (middk),  and 5 S (top) latitude, near -the sub-earth meridia~l  on 27 June 1991. The top
spectrum was taken at 15S on 1 July 1991. l’he lowe,~t spectrum sl~ows  little Oz airglow. A t
this resolution, individual transitions in the 1’- and R- branclws oj the 02 (al A9) band are
c:lcarhy resolved jrom  the thermal emission window centered near 1. 277ihm.
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side was characterized by localized regions of intense airglow with characteristic dimcmsions
of ~ 1 ()()0 k~n. ‘J’llc ~)right,~st  feature was o]] the liml~ at N 2AM local time. This feature
had a spectrally-integrated (P-, Q- and R-branch) 02 cnnissicn]  rate of 2.73: 0.2 nlW m-2
sr- 1, but its apparent intensity was cnhanccd by limb brighte]ling. A somewhat lCSS intense
discrctc  feature, with an intcmsity  of 1.8 * 0.2 lnW rn- 2 sr- 1 was observed llcar the antisolar
point. Dark regions with little or no 02 airglow  a~qmal  to radiate outwarcl  fro~n the antisolar
point. I,ow- resolution (A/AA N 300) IRIS s~wctra i~ldicatc  that tll[! nightsidc  emission is
dolnillat,cd  by thermal radiation from the dce]) atrnosldlere  i~l these dark regions (Figure 6).
These  bright and dark regions were! superim~mscd  o]] a difluse  background cmrission, with
rncan intensities that variccl from less than 0.1 to m[)rc than 0.5 I[)W 111-2  sr-’ 1. Only onc
drift-scan of the Venus dark limb was obtained on 28 July 1 WI, duc to bad weather. This
scan S11OWM1 significant changes in the 02 intm]sity a~ld distribution on the night side. The
bright emission on the limb had vanished, and the brightest airglow  was now located closer
to the anti-solar point (Figure  5).

To colnpare  thmc  airglmv intensities to those mportml by Conncs c1 d. (1979), wc averaged
the AK1’/IRIS  results over areas comparable to those samljlcd by their cntra~lcc apc!rture
(N 15% of the disk). l“or July 27, average intensities Lx%wccn  0.25 al]d 0.47 mW7 m’2 sr-l
were obtai]lcd  for dif~crcnt a~)crturc  ~)ositions. Whel] the av[!ragillg  window was expanded
to cover most of night side (excluding the li]nb and regions near the bright  crescent), the
average 02 (a] A{,) intensity was 0.44 + 0.06 rnW u-2 sr–], in exccllcllt  agreement with the
results published by Conncs et al. The AAT/IRIS  observations t akcn on 28 July covered
only 21% of the disk, but, indicated average nightsidc 02 intcnsiti(!s  of 0.53 + 0.05 nlW m-2
sr-].

2.4 September 1991 AAT/IRIS observations:

AA’1’/IR,IS observations of Ch(a] A9) emission from tile VCINS I1OW side w~r’e also taken 011
17-20 %ptcmbcr  1991, when the sub-Earth point was in the morni~lg  hcmisphcrc  (Figure 7).
observations acquir(!d  at 0029 lJ”~ on 17 Sc~)tembcr show weak airglow  activity, and very
little contrast across the night side. Bad weather precluded c)bscrvations  on 18 Scptcrnhcr,
but, the AAT/IRIS image cubes taken on the 19th rcvcalccl  intense emission in a region N
1()()0 kln in lcmgth,  at low latitudes bctwcxm  0100 and 0200 local ti]llc on Venus. lmagc  cubes
t,akc]l about one hour apart show that this emission l]ad brightcm(!d by 20%, although it had
not cllangc!d  position ap~mcciab]y. By 20 %pt)cmbcr, the brightest regions of emission had
disa~qmarcd,  leaving the overall intensity of tllc Oz airglow less than  that rccorclcd on the
17tJll .

2.5 October 1991 AAT/IRIS observations:

Observations of nightsidc  02 airglow  were taken fro]ll the AAT arid from the CFIIT during
Octolwr  of 1991. The AAT/IRIS observations were ]Iot as ~hotop;cnic  as those taken earlier
that year bccausc  Venus was well past opposition, and its apparent diameter hacl  dccrcaswl to
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: rig}d, and East (on the sky) is at the top. I%e curved linesshow local time
‘cments, with local midnight running through the antisolar  point, and early
towards top. (middle) An 02 airglow image jrom  the IRIS image cube taken

27 July 1991. (bottom) An Oi airglow image acquired 24 hours later (082~ UT
e maps show the integrated emission jrom  the 1’, Q and R branches. The scale
ntensities in Mega-Rayleighs (MR).  To convert these values to m W m-2 sr– ’,
multiplied by 0.125. Black indicates zxro emission, and white shows emission
‘R.
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Figure  6: Comparison oj IRIS spectra from bright  m~d dark 0~ mnission  regions from the
ima~c  cube taken on 27 July (’~’igure  5). The spectrum taken at the antisolar  point shows
intense emission jrom the 02 (a’ A~) Q-branch at 1.269 ~Lnl, while the spectra oj the dark
regions to tl~c noriheast  (NE) and west (W) oj the ant.isolar  poi?lt  show much less 1.269 /Lm
emission. To jacilitatc  comparisons, the spectrum of the western dark region was scaled by a
constant, jrdor such that the intcnsitp  oj the thermal emission peak at 1.18 /Lm matched that
oj the anti-solar point. To convert fluxes  to W nl-2 sr-’ pn’ ~, ordinate should bc divided
Zny 2.52 X 10-]1 sr pizel-l

w 29”. II) addition, scattcrcd  light from the illuminated crescent was more of a problcrn since
N 41 % of the disc was illuminatecl. WC have not, ycl completed the radiomctric  calibration
of the data from this  observing run, but otxwrvations  taken at ~1 19 UT on 17, 18, and 19
October showed spatial and temporal variations in 02 airglow  that w(!rc similar to those seen
in July and Sc~Jtcmbcr. On 17 October, the emission was most intense along the equator
and in a North-  SoutJl band between the 1 and 3 AM lnm-idians (Figure 8). “1’he regions near
the l imb at w30S ancl  w30N Iatitudc  brightcnect  sul~stantial]y  by 18 October. ‘J’hc bright
spot in the southcnm hemisphmc  faded substantially by 19 October, producing a southern
hcmisphcrc  airglow distribution that was roughly anticorrclat,ed with that seal the previous
day.



Figure  7: AA T/IRIS observations oj 02 airglow emission on the Venus night side in Septem-
ber 1991. l’he upper lcjt-hund  image shows the emission observed at 0029 UT  on 17 Septem-
ber. The upper-right-hand image shows the orientation oj Venus, and the location oj the
anti-solar point (white cross) North is to the right, all d East (o~~ tl~e sky) is at the top. The
two central images were taken at 2039 and 2137 UT on 19 September. The intensity oj the
bright jeature  near the anti-solar point increased by obout 20% between these observations,
but the background 02 emission remained roughly conslant. The lower two images were taken
at 2039 and 2150 U!l ’ on 20 September. The regions oj intense c~nissiol~  seen on t}le previous
day had vanished.
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Figure  8: AA in/IRIS observations of 02 airglow emission on the Venus nightsidc limb on
17-19 Octobcr 1991. North  is to the righi, and East (on the sky) is at the top. The upper
two images show the emission distribution at 1912 UT on 17 Qciobcr  and 1858 UT on 18
October. l’he lower left-hand image shows Venus al. 1858 U1’ on 19 October. The lower-
right-hand image shows the orientation oj Venus, and the location oj the anti-solar point
(white cross). Local time increases from -midnight  at the limb to the early morning hours
at the top oj the plot.
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2.6 October 1991 CFHT/Imaging-FTS observaticms:

Oz(al  A9) observations were taken with the CFIIT Irna~,ing FYI’S OH 18 octobcr  1991 [A4gillani
and Simons  1992; Maillard et al., 1993], when the angular size of the Venus disk was 29 “.
This instrument provided a 24” diameter circular field of view, salnplcd  at 0.33 “/pixel. Its
spectral resolution was 1800. An 02 airglow  image extracted from a~l image cube taken at
1530 UT on 18 October shows three 2“ discl ctc bri@t spots (2 ill the north, onc in the
south), distritmtcd around a much darker spot ccntcrcd  at the equator. The intensity of the
0 2 airglow varied from 1.2+ 0.12 mW m-2 sr- 1 in the bright,  s~xhs, to 0.44 + 0.12 mW n-–2

sr- ] ~LI1l-” 1 in the equatorial dark spot [Madlard  et al. 1993]. ‘J’hcsc  results arc similar to
the 02 observations obtained N 3.5 hours later at the AAT, but a quantitative comparison
of these data sets has not yet been complctcd.  Such a comparison would provide improved
constraints on the short-term temporal variability of the airglow.

2.7 October 1991 CFHT/FTS observations:

The CFHT/FTS  was used to take high-resolution (2 cm-1) spectra of the 02 emission from
sclcctcd regions of the night side on UT 23 and 24 octobcl  1991. ‘1 ‘hc S/N of these data
is not high (1 O to 20) bccausc  they vvcre taken after sunrise during a period when the
volcanic aerosols from the Mount Pinatubo  eruption dramatically cnhanccd  the intensity of
the scattcrcd sunlight. in spite of this, these data show spatial and temporal variations in
the 02 airglow similar to those seen earlier. On 23 October, sl)ect ra were taken at 5 N and
20 S at w 3AM local time on Venus (Figure 9). The 02 airglow i]ltcnsity in the spectrum
taken at 5 N is comparable to that seen on July 1 (Figure 3), while the spectrum taken at 20
S was about 1.6 times as bright. On 24 octobcr,  the airglow  intcllsity  at 5 S was comparable
to that seen at 5 N on the previous day.

2.8 March 1993 CFHT/Imaging-FTS observations:

The ~FHT imaging F1’S was used to observe the Venus nightsidc  oz(al  A~) airglow emission
on 8 March, 1993 [Maillard  et al., 1993]. ‘rhe instrument’s 24” circular field of view was
ccntcrcd  in the northern hemisphere on the night sid(!, and covcrcd only about half of the
~ 47 “ disk. On this date,  the emission was subdued and rclativc]y  uniform cverywhcrc
within the aperture, with slightly brighter emission Ilear the equator. The high-resolution
spatially-resolved data provided new opportunities to derive! rotational tcmpcraturc  maps
for the Oz emitting layer. Madlard  et al. 1993] derived temperatures near 190 + 10 K from
these  observations.
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Figure  9: CFI17’/l’TS  spmira  jmm 23 and 24 October, 1991. Y’hesc spectra. arc offset by

0.25 W m-2  sr-’ pm-’ /or c lar i ty . The lower two spectra wmc token by centering the 5
arcscc aperture at points near 5 N (bottom), .2(1 S (middle)  latitude, near the 3AM meridian
on 23 October. The top spectrum was taken lwar 5 S on 24 Octolxr.
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UT April 29.83UT April 28.83

UT April 30.82 UT May 01.82

UT May 02.82 Local Time

Figure  10: AA T/IRIS observations oj Oz airglow en)issaon  jro?n the Venus nightside limb
on 28 April - 2 May 1993. North is to the right, and East (on t}w sky) is at the top. l’hc
lower- right-}kand image shows the orientation of Ve~tus,  and the location oj the anti-solar
point (w}~ite  cross), and the local time meridians.

2.9 April 1993 AAT/IRIS observations:

~JIC of the longest unbroken time series of 02 airglow observations was acquired with the
AAT/lR,IS  on 28 April through 2 May 1993, when the angular sire! of Venus was N 44” and the
10PM meridian was on the nightsidc  limb. OIi 28 A~Jril,  three discrctc  Oz airglow emission
features surrounded the anti-solar point (Figure 10). ‘1’hc atmospheric seeing was much worse
on 29 and 30 April, but the 02 airglow appeared to be substantially ICSS  intense. In the 2 9
April images, the bright,cst emission was seen at low latitudes. 7’l]c spatial distribution of
this emission was roughly auti-correlated with that seen on the previous day. The limb had
also brightened substantially at latitudes polcward of r~ 45”N. On 30 April, the emission was
rclativcl  y dim cverywhcrc  on the night side, but the brightest airglow was seen just to the
south of the anti-solar point. Once again, the cmissioll  near the anti-solar point was roughly
anti-correlated with that seen on the previous day. On 1 May, the s(!cing  improved, revealing
intense airglow on the limb and cnhanccd  enlission  (wcr much of the night side. Discrctc
bright and dark airglow features were also SCCJ] bctwt:cn  the anti-solar point and the 1AM
mcridiau,  and at, N 45°N latitude, bctwccn the 1 and 2AM mcridialls.  On 2 May, the airglow
cmissio?) from the bright limb and much of the night side had faded substantially, leaving a
bright region that extended roughly cast-west from t}lc  anti-solar ~)oillt  to the limb.
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2.10 December 1994 IRTF/CSHELL observations:

The Cryogenic Echellc Spectrograph (CSHE1,L)  at the NASA lnfrarcd  ‘J’clcscopc  Facility
(lRTF) was used to acquire high-resolution, spatiallv-resolved s~)[!ctra  of the 02 emission
from the Venus night side on UT 2--5 a]ld 17-24 Dcc&ber  1994. ‘J’he 0.5 “ slit was used to
yield a spectral resolution of A/AA w 40000. ~’he spatial resolution was 0.2 “/pixel along the
30 “ slit [ Grce71c et al. 1993]. CSIIELL observations of selected regions of the VCIIUS night
side show spatial and temporal variations in the 02 airglow  similar to those seen earlier.
Figure 11 shows a rcprcscntative  series of spectra of tljc 02(a1  A9) Q-branch acquired on UT
2 December  1994. These spectra were derived from a single 2-minute exposure, with the slit
oriented East-West, across the night side, crossing tile dark limb near the Venus equator.
The 02 airglow intensity was brightest near tile limb and dccrcascd almost  monotonically
toward  the bright morning crescent.

2.11 Summary of new observations:

The new 02(a] A9) observations are summarimd  in Table 2. These data, and other observa-
tions of the Venus night side acquired at the A AT and IRTF  in 1994 confirm that 02(CL1 A~)
airglow intensities larger than those measured by Co?lnes cl al. [1979] are common on the
night  side of Venus. They also rmwal large s~)atial  and teml)oral  variations in this air-glow
that were not anticipated from the earlier spcctroscol )ic observati ens, which covered broad
regions of the day and night sides. The brightest emission is most often seen near the limb,
or in isolated regions at low latitudes, with sl)atial dimensions of N 1000 km. Very dark
regions, with little detectable 02 emission arc often seen juxtaposed with the brightest fea-
tures.  The intensities in the bright regions call vary by as much as 20% in one hour, and
these regions often vanish entirely within onc day. 1 )ay-to-day  variations in emission are
sometimes anti-correlated, such that the brightest regions seen on one day are anomalously
dark on the following day.

The airg]ow  intensities quoted in this section }]avc been calihratcd  with respect to standard
stars (and with respect, to each other), but they have not been correct,cd for vicwing-angle-
dcl)cndcncc, reflection from the underlying clouds, self-absorption, or other artifacts of the
observing gyometry. These factors are derived in the following section, and applied to the
observations to infer the 02(a1  A9) production rates on the Venus IIig}lt  side.

3 The Production of 02(a1Ag)

The 02 airglow emission in the so-called “infrared atmospheric s-ystcm” at wavelengths near
1.27 pm is produced when an 02 molecule in the excited (a’ A9) state spontaneously emits
a photon and relaxes to its grounc] (02 (X3X9)) state. This weak magnetic dipole transition
has an Einstein A cocficicnt  for spontan[!ous emission ~ 2.58x 10-”4 s-” 1 [Badger et al. 1965;
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Figure 11: IRTF’/CSHELL spectra of the Oz (a] A9) Q-branch taken at 1634 (JT on 2 Decem-
ber 1994. The CSHELL  slit was oriented East- West, from  the dark limb (top) to the bright
morning terminator (bottom). Spectra were overuged  over 2.2 “ regions along the slit and
extracted at 1.0 “ intervals. Integration time was 120 seconds. These spectra were collected
shortly ajlcr sunrise during twilight. The 02 airglow intensity increases almost monotonically
towards the limb.
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Tablc2:  Summaryo fObscrvatiorlso  f02(a1A g)) lhnission

]nstrumcnt

AAT/FIGS
AA’I’/FIGS
CFHT/FTS
CFHT/FTS
AA’I’/IRIS

AAT/IRIS
AAT/HUS
AAT/HUS
AAT/IRIS
AAT/HUS
AAT/IRIS
AAT/HUS
CFHT/IFTS
CFHT/FTS
CFHT/FTS
CFHT/IFTS
AAT/IR,IS
AAT/IRIS
AAT/IRIS
AAT/HUS
AAT/IRIS
IRTF/CSHELL
IRTF/CSHELL
IRTF/CSHELL
IRTF/CSHELL
lIU’F/CSHELL
IRTF/CSHELL
IRTF/CSHELL
lRTF/CSHELL
IRTF/CSHELL
HtTF/CSHELL
IRTF/CSHELL
HtTF/CSHELL

———-—
Date  (lJT)

———————
10/2/90
13/2/90
27/6/91
1/7/91
27/7/91

28/7/91
17/9/91
19/9/91
20/9/91
17/10/91
18/10/91
19/10/91
18/10/91
23/10/91
24/10/91
8/3/93
28/4/93
29/4/93
30/4/93
1/5/93
2/5/93
2/12/94
3/12/94
4/12/94
5/12/94
17/12/94
18/12/94
19/12/94
20/12/94
21/12/94
22/12/94
23/12/94
24/12/94———-——

-—.
viewing

an ~,lc
<20°
<20°
-30”
~ 30”
40°
70°
avg
60°
()-90°
()- 900
()-90°
()-90°
()- 90°
()--90°
()-90°
45
45
() 90°
()-90°
()–90°
0-9(1°
0-90”
()-90°
()- 90°
0-90°
0–90°
0-90°
()-90°
()-90°
0-90°
0-90°
0-90°
0-90°
0-90°
0- 9(1°-— ——

lntcnsit  y
(MR)— .—.———.

~1.4
-1.4
<I, tol.t
8.8
14.2
21.5
0.94
8

1.9 to 2.4

3.5-9.5
8 13
13
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Rothrnan 1982]. The spontaneous emission of a 1.27/~m photon will therefore occur within
about onc hour of the formation of the excited 02 ~lloleculc.  If the collision rates arc too
high, however, the excited 02 molccul[!s  can lx! collisionally “quenched” to their ground
state, producing no airglow. The collisional  quenching rates  for 02 by C02 arc not well
constrained by existing laboratory measurements, but they arc thought to be between 1 and
3 x 10-20 cm 3 S-l [c.f Conncs cl al. 1979; Yung and Delkfore  1982]. ‘1’hcsc considerations
suggest that the intensity of the 1.27pm Oz airglow will be proportional to the rate of
production of 02 (a] A9), but inversely pro~)o]tional  to the lmmbcr  of collisions. To satisfy
these constraints, peak 02 emission rates should occur at altitudes between 90 and 115 km
in the Vmlus atmosphere [ Yung and Dd40rc 1982; llougher  and IImwcki  1994].

3.1 Estimating 02 production rates from airglow

The observed intensity of the 02 airglow depends on several factors,
tion rates of 02(a1 Ao), airmass effects associated with the vi(!willg

intensities:

including the produc-
angle, reflection from

the underlying clouds, and self-absorption by 02 in the atmospllcrcs  of Venus and Earth.
To estimate the column-integrated 02 production rates from these observations, we lnust
accurate] y account  for all other contributions to the observed emission. Here, wc assume
that the observed intensity, 10~S, at sub-Earth angle, O can be expressed in the form:

lob.(f)) = I(N, e) t(7-]  , 0) + I{(N, 0, a) t(T2, 0) (1)

where, 1 is the intensity of the direct (upward) coml)onent of the emission from the layer,
O is the local  zenith angle, i(~l,  0) is the transmission along the ljath  between the emitting
layer and the observer, R(a., 19) is the contribution to tllc observed crnission  rcficctcd from the
cloud tops, a is the cloud albcdo, and t(~2, O) is the transmission along the optical path from
the! base of the emitting layer, to the cloud top, ancl then to the observer. In principle, both
0 2 and other gases in the Venus atmosphere can pro{luce  attcnuafion  between the emitting
layer and the observer, but the results presented in tllc following section suggest that these
sources of at,tcnuat,ion  arc not significant, ancl can be neglected (zc. i(~l,  0) = t(~2, 0) = 1).

Tho direct component of the observed emission, 1 (N, 0), is produced by isotropic emission
from excited 02 molecules in the layer. It is thcrefol c a function of the number  density of
emitting molecules, N, the Einstein A coefficient for sl)ontancous  e]nission  for 02 (al A9), and
the ol)tical patll]cngth,  ds. Here, wc assume that the emitting layc!r is horizontally-infinite,
(locally) plane parallc],  azimuth-independent, and extends  bctwcml tllc altitudes, z, and Z2.
“1’hc assumption of a horizontally-infinit(!  layer is justified for the analysis of the observations
~mxcntcd above, since the horizontal extent, of the emitting rcgio~ls  (N 1000 km) is much
larger than the vertical thickness of the layer (N 15 klJl) or the distance between the emitting
layer and the cloud to~)s (W 25 kin). For this case, the optical pat]l lengths through the layer
scale roughly as scc(tl), where O is the local zenith angle. This a~)proximation  produces
acccl)tablc  accuracies (W 10% except at sub-I’;  art}l a]lglcs C1OSC to the limb (0 > 85°), where
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it overestimates the actual  ~Jath  ]cngths. The direct  c<mtritmtio]l  to the observed intensities
(or ‘(radiances”) can thcrcfor-c  hc approximated by a,] cxprcssio]l  of tile form:

A  S(X(@ ‘~
I(N, 0) =  -—4;—--  /  N(z)dz

21
(2)

where N(z) is the altitude-dc~)cl~clellt 02 number density, The division by 47r accounts for the
fact that the airglow is radiated isotropically  into 471 stcradians. ‘J’his expression indicates
that airmass  effects will significantly cnhancc the clircct  contribution from the OZ emission
at large sub-Earth angles, bccausc the optical path lcng-ths, and thcrwfore the number of
cmittmrs  along the path arc largest for those angles. ‘~o illustrate this, the direct (upward)
component of the airglow at the top of the emitting layer can bc expressed in the form:

I(IV, 0) == lo S e e ( o )

where ]0 is the direct  contribution to the airglow  intensity

(3)

at norl~lal incidence (6’ = O).

The  amplitude of the reflcctcd component of the airglow, It, is somewhat less obvious,
however, and diff’crcnt amplitudes have been derived by different observers. Connes et al.

[1979] cites arguments ~mmmted by Noxon  d al. [1976], adopts a cloud albcdo of 0.9, and
concludes that the rcflcctcd component increases the observed amplitude by a factor of
N 2.8, independent of viewing angle. Unlike Connes, et al., (and Lllis  study), Drossari  ei al.

[1993] assumed that the airglow  seen by Galileo NIh4S was spatially localized, and derived
a correction factor for the reflected airglow  of the for] n:

JO~,(0) =  I(N, 0) [ 1  +  a  Q COS2(0)  / 7(] (4)

where (2 is the solid angle subtended by their obser~rations. Evaluating this expression for
their viewing angle, (0 = 46 deg-; 0 = 1.047r),  assuming a cloud albedo,  a = 0.9, they
dctc!rmincd  that the reflection from the cloud tops enllanccd the e])lission by a factor of 1.45,
about a factor of 2 smaller than that derived by Connes et al.

~le adopted  a different approa~h for ~valuating th(! reflected contribution. The amplitude of

the rcflcctcd radiation should dqmnd  on the intensity of the airglow  illumination at the base
of the emitting layer, the absorption tmtwccn the cloud tops and elnitting  layer, and the bi-
directional rcflcctioll  function of the cloud top. If the airglom’-(:lllit,tillg  layer is assumed to be
optically  thin, (locally) plane parallel  and azilllut,ll-il] de~>cllclcllt,  as we assurncd above, and
if thcm is little attenuation between the emitting layer and the cloud tops (SCC next section),
the intensity of the airglow incident on the cloud to~)s satisfies Eq. 3. If r(d, ~, 0’, ~’) is the
angle-dcpcndcnt  reflection by the cloud tops, the reflected co~n~)ollcl]t  of the airglow can be
clcscribcxl  by an expression of the form [cf. LZOU 1980, pg 200]:
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(5)

If the clouds arc I,ambcrtian,  such ihat  r == a is illdcpcndmlt of angle, alld the airglow
intmsitics  arc dcscribcd  by Eq.3, this expression can bc evaluated to yield

I/(N,  0, a) == 2 a 10 (6)

where the factor of 2 is a conscqucncc of the SCC(0)  dcpcndcncc  of t,hc airglow intensities.
If the l,ambcrt  albcdo  of the clouds is 0.9, this equai,ion  gives I?(IV, t?, a) = 1.810, which is
consistent with the, cstimat,c of the! rcflcctcd  contribution adopicd  by Conncs et al. [1979].

The clouds of Venus are not exactly Lambcrtian,  howcwer. To obtain improved estimates
of tlic mnission  angle dc~)c!lldcllcc  of the reflected cold,ribut,ion  to the obscrvecl  intensities,
we used a 16-strcaln  l)iscrctc  Ordinate Model [Stumncs et al., 1988], and the 112S(14  aerosol
distributions spccificd  in Crisy [1986]. Wc found azilnutll-a~~criigc(l reflcctauces  that in-
creased fro~n 1.67 at O = 0°, to 1.79 at O =: 76°, and then decreased to 1.73 at O = 89° to
yield  an area-wcightmi  average of the reflected contribution of ~J 1.751.. These calculations
show that emission a,~lglc dcpcnc]cncc  in the rcfiect,cd contrit)utioll  is sufficiently small that,
a constant Lamlwrt  cloud albedo of, a = 0.875, can l)e assumed without introducing large
errors. With this approximation, the observed, angle-dependent radiaucc  emit,tcd  by 02 can
bc approximated by an expression of the form:

Io~, (0) = Io(sec 0-1- 2a , ) (7)

whmv 10 is the radiance emitted clircctly  fronl the layer at normal incidence (0 = O). This
cx]nwssion  difIcrs from that adopted by Connes et al because it i]lcludcs  an emission anglc-
dcpcndcnt  clircct component as well as an a~lg]e-illdel)clldcllt  conlrilmtion  from the clouds.
Using this formula, 10 can can calculated directly froln the lnc!asurcd  value,  10~.:

10 = lo~,(f?)/(see 0 t- 2a) (8)

The irradiancc  (flux) emitted into the upper or lower hcmis~)herc  is t}lcn .givcn by:

(9)

Integrating this cx~nxxsion, wc find, l;’ = 27r10.  The total irradia~lcc  into both hcmisphcrcs
is 47r Jo, or in terms of the measured intensity, 10~,:
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F = 47rIo~,/(sc!c  o F 2 a ) (lo)

For historical reasons, airglow intensities arc expressed in Rayleig]]s  (or Mcga ]taylcighs,
MR,), where 1 Raylcigh=l  06 photons cm -2 S--l into 47r stcradiaus.  Wavelength dependent ir-
radianccs  can be converted to Ray]cighs by dividing by the energy of 10G photons, (lOG h c~-l ),
and thcm integrating over the spectral range. 11’cm cxalriplc,  if F is cxpr(!sscd  in W m–2 pm-l,
the flux in Raylcighs  is given by

(11)

where Planck)s  constant, 11=6.626  x 10-”34 Js, and the speed of light, c:=2.998  x 108 m S--l arc
cxprwsscd in S1 units. If F is the spectrally-integrated flux in a ni~rrow  spectral region near
1.269pm, this cxpmssion can k simplified to:

Fll = 6.39 X 10s F (12)

011 July 1, 1991, the spectrally-integrated 02 airglow intensity observed at the CFI-IT was
approximatdy  10~~ = 1.1 mW m-2 sr– 1. The cmissioll  angle  of this spectrum is not known
precisely, but if wc assurnc a sub-Earth angle near 30°, the cflectivc  emission rate by the
laym is 3 x 1016 photons m-2 s“’”’, or 3 MR. ‘rho bright  (2.7 2 0.2 mW m- 2 sr–l ) air-glow
cmissicm observed near the limb on 27 July 1991 with AA1’/l RIS was ccntcred at N 70° sub-
carth auglc. Correcting for the emission angle effects and the rcfl[!ction  from the underlying
clouds, wc find an emission rate 5.8 + 0.4 MR. (where the error bars include uncertainties in
the emission ang]c as WC1l  as those for radianc(!  ). For comparison) the somewhat less intense
(1.8+ 0.2mW m- 2 sr- ‘ ) emission near the anti-solar ~)oint in that image was at a sub-earth
angle of N 40°. Correcting for air mass effects, we fhld an emission rate of w 5.2 MR. The
hemispheric average emission rate for the night side (cxcludillg  r(!gions very close to the limb
or the bright crcsccnt)  is 1.08 + 0.2 MR. This result is similar lo, but  somewhat smaller
than the nightsidc  emission rate derived by Connes et al. [1979], It is important to note,
however, that even though they used a similar factor to correct for cloud reflection, their
analysis ignored the emission angle dcpcndencc  in tile direct (!lnission,  which was iucludcd
here.

3.2 The absorption of 02(a] Ag) airglow in the Venus atmosphere:

‘1’he physics of the 02(0’  A9) emission also has important  ilnp]ications  for the rol~ of s~lf-
ahsorpt(ion  b.y Oz in the atmosphere of Venus. II} most atmospheric radiative transfer model-
ing applications, the relationship bctwmm absorption and cxtinctio~]  by gases is governed  by
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]{irchoff’s  l,aw, since  both  processes are governed by the Einstci~) cocfficicmt, for stimulated
emission, 1?. ‘1’his is not the case for the 02 airglow,  which is a conscqucncc of a different
physical process - spent ancous emission. The rclatliol)ship  bctwcel] (stimulated) absorption
and airglow cmissioll  by Oz is therefore detcrlninecf  by the lelati\’c values of these Einstein
coefficients. Rothman  [1982] relates these factors and expresses the absorption line strength,
S, iu terms of the A coefficient as follows:

[1 -- mp(- hcv’’/kT)] (13)

In this expression, A oo = 2.58 x 10-”4 s-1 is the ltinstcin  A coefficient for sj)ontaneous
emission for the 02(a1 Ag) band, v is the wavcnumhcr  of tllc tra,]lsition, (cm-1), E“ is the
lower- state energy (cm-l ), 11=6.626  x 10-27 erg s, is ]’lanck’s  constant, k=l.38  x 10-’~ ergs
K -] is Boltzmann’s  constant, and c=2.998  x 1010 cm s- 1 is the slwcd of light (all in cgs units).
‘1’hc quantity, S;, is the Honl- London factor, which t~’pically has values of order unity. This
expression yields strengths of N 5 x 10--2G cm--1 mcJcculc- 1 cn- 2 for the strongest lines. The
maximum Oz optical depths arc given by:

CM

T(02) = / s(T)j(v – vl),T)N(z)dz (14)
z]

were f(v – Vo, T) is the line-shape function, and the integral extends from the cloud tops,
z] =65km,  to cm. If the 02 mixing ratios above the cloud tops arc close to 10-7, [ Trauger

and lmni~~c  1!383], the mcsosphcric  02 columll  densities arc of order 2 x 1017. For these 02

abundances, our line-by-line calculations indicat[!  mcsosphcric  02 optical dc~)ths < 10–G in
the cores of the strongest lines. These calculations show that in sl)itc of the high intensities
of the 02 airglow, the self absorption by 02 is completely negligible.

C02  is the only other gas that absorbs significantly in the vicinity of the 02 (al A~) band.
We found that the normal-incidence, COZ line-core, (@ical  dc~dh  arc no larger than 0.01
within the Q-brauch  of the 02(a]A~)  band. The C(J2 line-core o~)tical  depths increase to
about 0.1 in the lt-br-anch  of the 02(a)  A9) band,  but I)oth the 02 a~]d C02 lines arc narrow,
and few strong C0 2 lines  fall at the same wavc!length as the 02 lillcs. C02 is therefore not
a major sour-cc of extinction for the 02 air-glow.

4 Discussion

4.1 Chemical modeling of 02 (a’ ~g) production rates:

There have been several attempts to simulate the airglow  elnission with l-dimensional,
steady state, photochemical  models [F’w-isot  and Moreels 1980; YwL.g and Dd40re 1982;
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KrasnopoZ’sky  and Parshev  1983]. In these models, the 02(a1 A9) is produced primarily by
the recombination of atomic oxygen that is created by the photodissociation  of C02 [ Connes
d al. 1979], or S02 [Lcu et al. 1987], or the photolysis  of Os [1’cwisol and Moreels  1980] on
the day side of Vcmus. This atomic oxygen  can rccon tbine on the day side where it is pro-
duced, or bc transported from the day side to the night side by tile global  circulation. The
3-body and catalytic recombination reactions listed ill TaMc 1 arc sufJicicmtly exothcrmic  to
yield 02 in the cxcitd (alA~)  state (E = 0.98 cV), but  only tllc 3-body reaction (O + O +
M + 02(a1 A9) + M), produces 02 with enough excess energy to l)roducc an optical photon
(5CV).

IIowcvcr, unrealistically high Oz (a] A9) production ratm arc r~!quir~~d  to produce th~ observed
airglow emission rates (> 1 MR). The C02 ~)llotodissociation  Iaies  arc kllOwll to be near
8  x  101 2  e n- 2s- ] [Lcu et al. 1987]. This suggests maximum O 0 recombination near  4 x
1012 cm-2 S-l . If the quantum yields of the 02 (al A9) production reactions in Table 1 were
C1OSC to 100%, and collisional quenching were completely ncglig,iblc,  these reactions would
produce globally-averaged 0 2 airglow  intensities near 4 Nfll{, and wc could easily explain
the observed intensities. These assumptions arc un] calistic, howcvcri Recent laboratory
measurements indicate typical quantum yields of w 4% for these reactions [Leu et al. 1987].
With these low quantum yields, the maximum global-average 02 air.glow intensities should
be closer to 0.16 MR. ‘1’hc prcscncc of collisional  quc]]ching  will reduce this even further.

Airglow intensities greater than 1 MR therefore impl-j  additional sources of atomic oxygen,
or reactions that produce Oz(al A9) mission without  0-0 recombination reactions. For
example,  the photolysis  of SOZ could provide an additional source of atomic oxygen [Lcu et
al. 1987]. S02 lnixing ratios like those measured since 1979 (0.1 ppm) provide little additional
atomic oxygen, but a hundred-times enhancement in t hc mcsosph(!ric  S02 abundance might
produce enough atomic oxy.gcn to account for the air~,low SCC]I by Connes d al. [1979].  1.CU
d al. [1 987] thcrcfom  spcculatc  that the high 02 air[’,low intensities Incasurccl in 1975 may
have been associated with a massive injection of S02 into the ul)pcr mcxosphcre (by a volcano

). This hypothesis could  not be evaluated dir(!ctly  because the firstor some other  process
mesosphcric  S02 measurements were acquired about 4 years after the 02 airglow observations
were taken. However, this mechanism caunot, explain the more rcccnt observations of bright
02 airglow, which were taken during a period wh(!n the S02 mixitlg  ratios were N 0.1 ppm
at the cloud tops, with a scale height of N 3 km [Na et al. 1990; 1994]. No additional
mcsosphcric  sources of atomic oxygen have been idclltified.

Leu et al. also proposed a reaction that uscs chlorine as a catalyst to produc[!  02(01 A9)
without creating any ncw O- 0 bonds. Their scheme  includes tllc following steps:

Cl +- 02 +- M -+ CIOZ + M

C1 + C102 -~ C 12  + 02(a1  A9)

C12 + Ill) -+ 2 C 1_——  ——— —- .——  —
net : 02 + O@ A9)

When the best available quantum yields were used fol these reactions in the model described
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by Yzmg and l~ernor-c [1 982], this rcact,ion produces airglow  intxmsitics  of only 0.2 MR, well
short of that needed to amount for the observed intensities. one asset of this schcmc is that
even though the chlorine! must be recycled on the day side, the ~z (a’ A9) can km produced on
either the day or the night side. This attribute is [!sse]ltial for any chemical Incchanism that,
attempts to account for the nightside  emission, bccaus(: once EU1 02 ]nolccu]c  is crcat,cd in the
cxcit,cd  (al A9) state, it will emit a photon and rcturul  to its grour]d state within N 1 hour,
It is thcmforc  unlikely that molecules can be trarlspol  tcd from th(! day to the night side on
this time scale.

The  ncw observations of 02(a]  A9) emission from the V(mus night side cannot SOIVC the appar-
ent 02 budget deficit, hut they contain valuable clues to the relevant chemical mechanisms.
For example, they show that the brightest airglow  is usually coIlfiI]cd  to isolated regions,
with s~)atial  dimensions of order 1000 km. They also i ndicatc  that,  the brightest regions can
vary by as much as 20%0 in periods as short as 1 hour, and that these regions have lifetimes
of lCSS than onc day. 1 lowcver,  this transience do(!s ]lot SOIVC the lmdgct  problcm  bccausc
the average nightsidc  emission rates  rarely fall 1)C1OW NO.5 Mlt, (!VCI1 whml no discrete bright
spots arc present. It dots suggest that the processes lxoducing  Op (a’ Ag) im’olvc a cknical
constituent or ~)hysical  condition that varies significantly wit]] tilnc. ‘]’hc otmcrvcd t(cmporal
and spatial variations also suggest that I-dimensional, steady  stat(!, chemical models might
not 1X!

4 . 2

adequate for exploring the mechanisms that p] oducc this airglow.

Spatial variations in the nightside Oz(u] A9) airglow:

In spite of the fact that existing chemical models cam]ot yet account for the observed inten-
sities of the 02 emission on the night side of Venus, recent investigations of thcrmospheric
dynamics are providing insight into the observed spatial and tenllmral  variations in this air-
glow. Early modeling studies suggested that the circlllation  above N 90 km was dominated
by a subsolar to antisolar  (SSAS) flow, with upw~!lli?l.g  over the subsolar ~)oint,  rapid flow
across the terminator, and subsidence at the anti--solar point  [Dickz?Mon  and Ii?idky 1975;
Dickinson and Ridleg  1!377]. l’his  circulation could potentially trallslmrt mom atomic oxygen
from the day side to the night side ‘than a quasi-horizontal circulation because the upwclling
branch of this CC1l transports the atomic oxygen produced in the ul)lx:r mesosphcrc  and lower
thcrrnosphcrc  to higher altitudes (lower pressures) wllerc the! reco)nbination  rates arc much
lower. q’hc downward flow near the anti-solar point would then carry atomic oxygen  back
through the mcsopausc,  where the recombination rat(:s, ancl  02  (a] A~) ~)roduction  rates arc
larger. Thcx[!  early models therefore offer at least a partial cx~)lanation  for the lar.gc Oz
airglow intcnsitim  observed on the Venus nigl]t  side, but they ~)rovide  little insight into the
observed spatial and temporal variability in this emission. This varial)ility  suggests that the
tl]crmosphcric  circulation and 0 2 transport nlay bc substantially ~nore complicatcdi

]ieccnt  efforts to analyze l’ionc!cr vcnus  obscmations  of thcrmospllc!ric  densities [Ilrinton  et
al. 1980] and () and NO airglow  at ultraviolet wavelengths [Stewart  et al. 1980; Alexan-
der 1992; Alcxa?~dcr et al. 1993] also indicate a sommvhat ]norc coml)licated  situation.
Simulations of these phcmomcna  with the Vcnius  ThcI rnospllcric  Gmlcra] Circulation Model
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(VTGCM)  [Dougher ct al. 1990; Fox and Bwgher 1991; IloILg}Ler  and llorucki  1994] indi-
catx that  the SSAS flow is sulmrimposcd  on an east west (zonal)  supm- rotation. Rcccnt
groun&  based Dopplm  rneasurwmcnts  of thcrrnosphcric  wind SIXXXIS at infrared [Goldstein et
al, 1991 ], and millirnctcr  wavelengths [Shah et al. 1991; LCllOZdIj  d d. 1994] wavclcngtbs
appear to sup~)ort  this basic picture, but these observations disagree on the relative amp-
litudes  of the SSAS and zonal  flows. lnfrarccl  hetjcrodync  mcasurclncnts  of Doppler shifts
in C02  lines indicate cross-terminator SSAS velocities of N 120 In s- 1, and zonal velocities
of 25 m s--l at altitudes near 110 km. Shah d al. [ 1991] I]lcasurccl  ]lqq)lcr  shifts in the
2.66 mm C() line in 1988 and found larger zmlal winds (W 85 In s- ] ) and a weaker SSAS
flow at altitudes near 100 km. In contrast, C() observations taken in 1991 by Lcllouch ct d.
[19!94] indicate SSAS and zonal  velocities witli  sirnilal amp]itudcs  (40+ 15 m S-l at 95 km,
increasing to 90 + 15 m s- 1 at 105 km). These diffcl cnccs lnight, reflect, systematic errors
in the observations, but there is increasing evidcncc  that they indicat(!  ma] s~)atial and/or
temporal variations in the thcrmos~hcric  circulation.

l’hc  mechanisms that might driw! the zonal  colnponcnl of the thcrlnos~dlcric  circulation were
not immediately obvious, but a recent analysis of PV OUVS observations of the 0.1304 prn
oxygen airglow [Alexander 1992; Alexander et al. 1993] indicates that  this super- rotation
may bc maintained by zonal  momentum transports associated with vcrtical]y  - ~mo~)agating
gravity waves that arc generated within the clouds. ‘J ‘hcsc waves have ~wcdominantly  west-
ward phase velocities and phase speeds that arc similar to the C1OUC1 lCVC1 winds (~ 100 m
S-l ). Their am~ditudcs incrcasc as they propagate upward through the mcsosphcrc,  until
they reach the lower thcrmosphcrc,  where they break, and deposit their (westward) nlo-
mcntum  to drive the thcrmosphcric  super--rotation. ‘1’his model ~)rcdicts strong local-time
variations in the effects of this wave morncnturn  forcin~~  on the SSA S flow, since the westward
propagating waves will clccclcratc  the SSAS flow in tllc morning h{!misphcrc,  and accclcratc
it in the afternoon hcmisphcrc  [Ahmander  et al. 1993]. This wave forcing mechanism could
also produce large temporal variations in the thcrrnosl)hcric  cirrulatioll  if there were changes
in the C1OUCI-  top wave production, or the mcsosphcric thermal structure and dynamics. This
transience could bc caused by temporal variations in the c1ou(1- to]) forcing of these gravity
waves, or changes in the altitude at which they break. If these waves am .gencratcd  by con-
vective turbulence associated with heating of the cloud-top (JV absorl)cr  [Crisp 1986, 1989],
tllc wave am~)litudcs  could change with a 4-5 day ~)criod,  as the “Y”- shal)cd UV albcdo
fcatum  rotates around the IJanct. These changes mi@t alt(!r the atomic oxygen transport
from the day to the night side of the planet, contritxrtiug  to the observed temporal variations
in the OZ airglow.

Bou@cr  and Borucki  [1994] used the VTGCM  to illustrate the iln~)act of these ~)roccsscs
on the intensity and spatial distribution of nightsidc  02(a1 A~) air.glow emission. Their
nominal case, which assumed weak zonal  winds in the lower mesosl)hcre, produced 02 airglow
intensities that varied by a factor of 8 across the nig]]t side, with l)cak intcrlsitics (0.54MR)
ccntcred  at the equator at 1AN4 local time. When the westward zonal  wind speeds were
illcrcasml  to > 50 In s- 1 in the lower therrnosphcrc,  gradients in the 02 intensities on the
night side were smeared out, and the local ti~nc of peak emission ]novcd  to 4- 5AM.

To sirnu]atc  the effects of variations in the gravity wave forcing mechanism rncntioncd above,

28



they also variccl the! Raylcigh friction at thcrrnosphcric  lCVC.lS.  Tllcy found that a 50%
dccrcasc  in this drag ~Jroduccd a 50-230 m s--] incrcasc in tllc closs-t,crl~lillator  velocities.
This c]dlanccd the atolnic  oxygen transport and incrcascd the 02 (a] Aq) airglow intensities by
w 30’%. These simulations confirm that variations in the zollal  colnl)oncnt of the transport,
and the strcngtk of the gravity wave momentum forci~lg  of the SUIN:l- rotation, could produce
much of the observed variability in the airglow.

‘IIcsc results provide additional insight, into the mechanisms t]mt produce the observed
airglow variations, but they still offer an incomplete explanation of the observed sl)atial  and
temporal variability. In ])articu]ar,  these steady stat c models do not cx~)lai~l  why the 02
airglow ])roduction  changes so rapidly, or why the brightest rcgioI]s seen onc day arc often
t,hc darkest on the next day. WC attempt to address t hcsc issues ill the following section.

4.3 Temporal variations in the nightside 02 (alAg) airglow:

Ncw observations of 02 (a] Ag) airglow from the Venus night side confirm that emission rates
cxcccding 1 MI? arc common. They also reveal dralnatic spatial and temporal variations
in this airglow that had not been anticipated from earlier spectroscopic observations. If
this 02 (a] A9) airglow is produced primarily by the recombination of oxygen atoms that arc
produced on the day side of Venus, as existing chemical models predict, the nightsidc  airglow
intensity can bc modulatd  by: (i) changing tllc atomic oxygcu  production or recombination
rates on the day side, (ii,) altering the atomic oxygen  transport froln the day side to the
night side (iii)  varying the recombination rates of O atoms 011 the night side or (’iv) changing
the relative importance of radiative and collisional  dc cxcitatiol] of the 02(a]  Ag) molecules
on the night side.

If the atomic oxygen production rates on the day side of V(!nus are dominated by the UV
photolysis  of COZ, these rates should not change on hourly or daily timescales,  bccausc  the
intc!nsity  of UV radiation and akmlldancc  of C02 S}1OU1CI remain constant 011 these timcscalcs.
Short-term variations in the abundance of other trace species on the day side, like S02, could
~mxlucc  cllangcs in the atomic oxygen production rates, but no significant sources have been
identified.

The nightsidc  O-atom supply can also bc modulated l)y changing the atomic oxygen recom-
bination rates on the day side. These rates could hc changed either by altering the con-
centration of catalytic s~)ccics (Clz, HOZ), or by challging tllc vertical mixing rates between
the upper mcsosphcrc  and the thermosphere. The formation of ()- O bonds by three- body
recombination should not vary significantly with time, because the rate of this reaction de-
Imlds only on the local atmospheric bulk density. The rates of day side 02 recombination by
tllc catalytic reactions listed in TaMc 1 could vary sul)stantially  if there were large temporal
variations in the mcsosphcric  concentrations of Cl, CIO, or 110?.

IIay-side Oz recombination rates arc also affcctcd by the vertical trausport  rat(cs bccausc
recombination rates arc slower at higher altitudes. If the v[!rtical difrusion  rates arc small,
and the circulation is dominated by upward advcctive transport  on ihc day siclc, a larger



fraction of the oxygen that is producccl  at mesospheric  lcwcls will be transported to high
altitudes. If the ctaysidc  vertical transport is dominated by eddy difl’usion, the net transport
will dclxmd on the vertical gradient in the atolnic  oxy~,en conce]ltratio]l (which is thought to
be positive, such that the O concentration increases ~lith altituclc [ Yunj and l~ernorc  1982],
and much less mcsosphmic  atomic oxygen will be trallsportml  to tile thermosphere before it
recombines. Alexander et al. [1993] used the VTGCL1 to illustrate this mechanism. Their
calculations show that  the thermospheric O abundance decreases l)y as much as 40% when
the vertical eddy diffusion coefficients are increased by a factor of 8. The thermospheric
O abundance increases by 25- 30~o when the diffusion coefficients are set to zero. These
results su.ggcst  that temporal variations in the eddy diffusion coefficiellts  could contribute
significallt]y to therlnospheric  atomic oxygen sup~dy and the brigllincss  of the nightside  02
airglow.

Dougher  and ]Iorucki  [1994] show that the gravity- wave mechanisln  in-ol)oscd by A knxmder
[1992] can alter the nightside  atomic oxygen supply by modulating, the intensity of the flow
across the terminator. in principle, this mechanism could also ~n-oducc significant temporal
variations in the vertical eddy diffusion coefficients in the lower t,l~(:~l]los~)llere  if the altitudes
at w]lich the waves tmak varies with time. IIy analo~)y  with the Quasi- 13icnnial oscillation
(QBO)  in the Earth’s tropical stratosphere, the breaking gravity waves could transport
enough w(!stward momentum to the thcrnlos~)herc!  to create a cl”itical  layer. Subsequent
waves would then bc absorbed at or below this critical layer, forcil]~, the altitude of this  layer
to propagate downward with time. If this mcchauisnl operates over the (90 125km)  range,
it could produce significant temporal variations in t}lc  eddy diffusio:l  near the meso~)ausc,
and the atomic oxygen supply ill the thermosphere.

The processes described above affect the supply of atomic oxyge]l to the thcmnosphcre.  Once
there, several factors can influence the spatial and tenlpora]  distribution of the O atoms and
their recombination on the night side to form 02 airglow. 1 ‘mccsscs that affect the sicady
state trans])ort from the day to the night side are discussed in the l)rcvious  section. Here we
will focus on the subsiding branch of the circulation.

The observed variability of the ]Iightside  02 airglow lnight be associated with one of several
chemical ~moccsses  that produce 02(a1 A9). For examldc, these variations could be associated
with time-varying spatial structure in the concentrations of tlacc constituents needed for
the gas-phase recombination reactions. Altcrnativc]y,  the observed variability could be a
consequence of chemical ~n-ocesses that have not yet l)een explored, including heterogeneous
chemical reactions, involving HPS04 aerosols, meteol ic debris or other agents (Y. L. Yung,
l)crsonal c{)~nl~lllllicatiol~,  1995). In the Earth’s upper atmosl)hcre,  the abundance of aerosols,
ices, and meteoric debris as catalytic sites for heterogeneous retictions is highly variaMe.
If similar conditions exist on Venus, these variations could explain some of the observed
structure in the airglow (e.g. }Iuestis  and Slauger [1993] identified a long, narrow feature
in the N() airglow observed by PVO and suggested it might have been a meteor track).
These possibilities cannot be ruled out, but very little is kno~rll
heterogeneous reactions, thus, their ability to in-oducc the observed
is unknown.
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The pmscncc  of discxctc  bright  patches of Oz emission suggests that,  the downward transport
is often spatially confined. lsolatcd  regions of cnhancc[l  suLsidellcc  and air-glow emission have
been adequately simulated in steady state VTGCM si~nulations  [Boughcr and Borzmki,  1994]
but th[! observed temporal variability has not yet been explained. III particular, these models
do not explain the presence of very dark regions juxta~)oscd  with tllc brightest regions, or the
occasional appearance of airglow patterns that, arc roughly ant icor related with those seen on
the previous day. These observations suggest that the 02 ai rglow is being switched off, not
simply ciis~)crscd  across the night side by increasing 10W-1CVC1 zona] winds or other dynamical
processes. Mechanisms that dramatically alter the day-side sup~dy of thcrmosphcric  O atoms
lrright  lead to large-scale reductions in the airglow  brightmcss,  but tllcsc processes arc not
likely  to produce sharply defined features in the nightsidc  airglow.  Such features arc probably
produced by local chemical or dynamical processes o]] the nig}lt side.

One possibility is tlmt the rapid subsidence associatc(l with bright  airglow emission regions
may ~)roducc  adiabatic (comprcssional)  heating. If tllc comprcssional  heating rates exceed
the radiative cooling rates, this process will increase the local static stability and interfere’
with the subsidence. This could cause a rapid rc(iuct ion in the c~]lission,  producing a dark
region. The  subsidence will then shift to another region of the plallct  until the heated region
recovers. Radiative relaxation times at 90-- 100km arc about 1 (iay [Crisp 1989], comparable
to the time scales of the observed airglow variability.

in principle, it should be possible to test this hypothesis by monitoring the temperatures
of bright, airglow emitting regions. The pressures at these altitudes arc sufficiently high
that the 02(a1 Ag) should be in rotational local thermodynamic equilibrium. The rotational
tcmpcraturc  of the 0 2 molecules should therefore provide a good measure of the ambient
gas tcm~)craturc. The rotational temperature of the Oz(al A9) can l)c obtained by measuring
the relative strengths of the lines in the far wings of the P and 1 i branches relative to the
Q-branch emission. We attempted to create spatially-resolved temperature maps using the
AAT/IR,IS  observations from July 1991. This analysis indicatcci  that tllc bright  spot near the
anti-solar point may have been somewhat warlrrer than  the surrounding atmosphere, but the
S/N was ]lot sufficient to provide a definitive test of this mcchallisln [A4cadozus  1994]. High-
rcsolution,  spatially-resolved spectra like those recently collected with the CFHT Imaging
FTS and the IRTF/CSHELL arc currently being analyzed to pro~~i(ic  irnprovcd  estimates of
the correlation between airglow intensity and temperature. These rc!sults will be reported in
a subsequent paper.

5 Conclusions

Ground based imaging and spectroscopic olxscrvatio~ls of 1.269 j~I[] 02 (al AQ) airglow emis-
sion, taken bctwccn 1990 and 1994, show disk- avcragcci  airglow intensities that arc in exccl-
lcnt agreement with those rcporte(i  by Conncs et al. [1979]. q’hcse new observations also
show dramatic spatial and temporal variations in the airglow froln the night side of Venus,
with olxwrvcd intc]lsities  varying from 1 to N 20 MI{. The brightest regions vary by more
than 20% on time scales of one hour, and can disapl)ear  entirely in less than one day. In

31



addition, thcm is some cvidcncc for an anti-correlation in the airg;low  ~Jattcx-n  observed on
consecutive days. Sharply-defined dark rcgiolls  that show almost no airglow  emission are
often found adj accnt, to the brightest regions.

To obtain accurate estimates of the c!mission  lates froln the obserw!d airglow intensities, wc
derived factors to account for emission angle effects and the rcflcciioll  from the underlying
clouds, We also found that the self absorption try 02 Wiis completely negligible, and that C02
is not a major source of extinction for the 02 airglow. Applying tllcsc correction factors to
our observations, we confirm that the observed air.glow intensiticx correspond to nightside-
avcragcd emission rates cxcecding 1 MR. These emission rates  aw far in cxccss  of those
pmdictcd  by existing 1-dimensional steady state chelllical  models. Recent efI’orts to model
the dynamics of the Venus then-mosphcrc have provided some clues to the observed spatial
variations in the 02 airglow, but provide little direct insight il]to tllc tem~)oral variability of
this emission, or the frequent juxtaposition of sharpl~’-defined  bright and dark regions. We
have proposed that these phenomena may bc a consequence c)f localized hcatiug,  produced
in the subsiding branch of the SSAS circulation. This hypothesis will be tested by producing
spatially resolved rotational temperature maps of the 02 airglow  e~nission and searching for
correlations between the observed airglow  intensities and tcm~xxaturcs.

Acknowledgements

This pa~mr is dcdicatcd  to the memory  of our collaborator Dr IIavid A. Allen (1946- 1994).
Part of this work was conducted at the Jet l’repulsion Laboratory/California Institute of
‘1’cchnology.  DC grateful] y acknowledges support from the NASA I’lauctary  Atmospheres
Program and the NASA Venus Data Analysis I’rograIn. This work r[!prescmts partial fulfill-
ment  of the requirements for VSM’S PhD dcgrm at the University of Sydney, Australia. VSM
was supported in part by an Australian Postgraduate 1 Lesearch Award and also acknowledges
gcmcrous  financial support from the Australian Federation of Univ[!rsity  Women-South Aus-
tralia. Wc also acknowledge generous support from the time allocation committees of the
Anglo-Australian Observatory, Canada-France Hawaii Telesco~w (cqmratccl by the National
Research Council of Canada, the Ccntre  National dc la Rcchcrchc Scientifiquc de France,
and the University of Hawaii), and NASA infrared Tclescopc  Facility.

References

Alexander, h4. J. A mechanism for the venus  thm-mospheric  supcrrotation.  Geophys.  Res.
I,cit.,  19:2207,  1992.

Alexander, hfl. J., A. 1. l?. Stewart, and S. C. Solomo~l.  Local time asymmetries in the Venus
thcrmosphcrc. ,1. Gcophys. Res., 98( FM):1O,849 10,871, 1993.

Allen, D. A. IAU Circ., 1990. 4962.
AIIcI),  D. A., J. IL llarton,  hl. G. Burton, H. Davies, T. J. Farrell, 1’. R. Gillingharn,  A. l’.

Lankshcar,  1’. L. Lilldncr, 11. J. hflayficld, V. S. hlcadows, G. It. Schafer, K. Shortridge,
J. O. Spyromilio, J. amd Stracdc,  L. G. Wallcr, and D. I,. Wllittard. IRIS: an infrared
imag-cr and spectrometer for the Anglo-Australian Telcsco~m.  l’roc. Astron.  Sot. Aust.,
10:298-309, 1993.

32



Allen, 1). A., D. Crisp, and V. S. hlcadows. Variable i)xygen air~,low  on Venus as a probe of
atmospheric dynamics. Nature, 359:516-518, 1992.

13adgcr,  R. M., A. C. Wright, and R. F. Whitlock.  J. Chem. Phys., 43:4345,  1965.
13arker, E. S. Detection of S02 in the UV spectrum of \rCIIUS. GmphIys. I-h. Lctt. , 6:117-120,

1979.
130ughcr,  S. W., and W. J. Rorucki. Venus 02 and IR nightglow)!’: lmplicatlions for lower

thcrmosphcrc  dynamics and chemistry. J. Geop}lys. Res., 99(It2) :37593776, 1994.
13rinton,  11. C., 11. A. Taylor, Jr., H. B. Nicmann,  11. G. Mayr, A. Ip. Nagy, T. E. Cravens,

and I). F. Strolml. Venus nighttime hydmgcn  bu]gc. Geophy.s. lkx. Lctt.,  7:865-868,
1980.

Conncs, 1’., J. F. Noxon, W. A. Traub,  and N. P. Carleton. 02

] A clnission  in the day and
night airglow of Venus. Ap. J. (Letters), 233:1,29 1,32, 1979.

Crisp, D. Radiative forcing of the Venus mcsosphc]  c. I. Solar fluxes and heating rates.
~~arUS, 67:484-514, 1986.

Crisp, D. Radiative forcing of the Venus mcsosphcrc. 11. Thermal fluxes, cooling rates, and
radiative equilibrium tcmpcraturcs.  lcarus, 77:391--413,  1989.

Crispl D., D. A. Allen, D. H. Grinspoon,  and J. 11. l’o]lack. ‘1’hc dark sid(! of Venus: Ncar-
infrarcd  images and spectra from the Anglo-Austl  alian Observatory. Scic7~cq  253:1263-
1266, 1991.

Crisp, D., S. McMuldroch,  S. K. Stephens, W. M. Sinton, El. Ragcnt,  K. W. Hodapp,  R. G.
Probst,  L. R. Doyle, D. A. Allen, and J. Elias. Ground-based near-infrared imaging
observations of Venus during the Galileo cncount cr. Science, 2.53:1538-1541, 1991.

Crisp, D., V. S. Meadows, D. A. Allen, B. B6zard, C. dc Bcrgh, J.-l’. hflaillard,  Near-infrared
oxygen airglow from the Venus nightside. The International Colloquium on Venus,
Pasadena, CA 10-12 August 1992, 23-24, 1992.

Dickinson, IL E., and E. C. Ridlcy.  A numclical  moclcl for the dynamics and composition
fo t,llc  Vcnusian  thcrmosphcrc.  J. A tmos. Sci., 32:1219-1231, 1975.

Dickinson, R. I?., and E. C. Ridlcy.  Venus mcsospherc and thcrmosphcrc  tcmpcraturc  struc-
ture, II, day-night variations. Icarus, 30:163, 1977.

Drossart, 1’., 13. W5zard, Th. Encrcn~~,  E. Lcl]ouch,  M. Roos, l’. W. Taylor, A. 1). Collard,
S. D. Calcutt,  J. 11. Pollack, D. H. Grins} )oon, R. W. Carlson, K. H. I]aincs, and 1.,. W.
Kamp.  Search for spatial variations of the H20 abundance il] the lower atmosphere of
Venus from NIMS-Galileo. Planet. Space Sci., 41 (7):495- 504, 1993.

Fox, J. I,. and S. W. Boughcr.  Structure, luminosit~j  and dynamics of the Venus thcrmo-
s~dlcr(!.  Sf~acc Sci. Rev., 55:357-489, 1991.

Gil]ingham,  1’. R., and A. Lankshcar.  Proc. SPIE,  1?35:9,  1991.
Goldstcill,  J. J., M. J. hlumrna,  T. Kostiuk, D. Dclning, F. Espcnak,  and D. Zipoy.  Ab-

solute wind velocities in the lower t,hennosphel c of Venus using infrared hctcroclync
spcct,roscopy.  Icarus, 94:45-63, 1991.

Grccnc,  T. P., A. T. Tokunaga,  D. W. Toomcy, and J. S. Carr.  (.; SIIEI,L: A high spectral
resolution 1-5 micron cryogenic cchcllc spectrograph for tllc IRTF.  ITljrarcd  Detectors
and Instrurncntation,  A. M. Fowlcr editor, Proc. SPIE,  1946:313-324, 1993.

Hucstis,  1). L. and g’. G. Slangcr. Ncw pcrsl)cctivcs on the Venus nightglow. J. Geoyhys.

33



Res., 98( E6):10839-  10847, 1993.
Krasnopol’sky,  V. A. Venus spectroscopy in the 3000-8000 ang;stroln  region  by Vcneras 9

and 10. In D. M. Huntcn,  L. Co]in, ‘J’. h~. Dcmahuc, and l’. 1. Moroz,  editors, Venus ,
pages 459-483, 1983.

IN11oucI1,  E., J. J. Goldstein, J. Roscnquist,  S. W. Boughcr, and (;. l’aubcrt.  Global circu-
lation, thermal structure, ant] carbon-mol]oxidc  distribution ill the Venus mesosphere
in 1991. Icarus, 110:315-339, 1994.

Lcw, M. T., and Y. L. Yung.  Determination of’ 02(ald{, ) and 02(b’ o; ) yields in the reaction
O + C]() + Cl + OZ : implications for ~hotocllernistry  in the atmos~)hcrc  of Venus.
G~Oph~S. &S. htl.,  14:949-952, 1987.

Lieu, K. N. An Introduction io A tmosyheric  liadiaiio?l. Academic l)rcss, Iuc, 1980.
ilflaillard,  J.-1’., 11. Bczard,  L. Domissc, D. Crisp, and D. Simons. Spcctro-imaging  of the

dark side of Venus in the 1.27pm 02 emission with an imaging 1“’1’S. Bull. Am. Astron.
Sot., 25:1095,  1993.

Maillard, J. P. and 11. Simons. Firsl results of an ima~~ing  F’I’S with a NICMOS camera. ]n
Proceedings oj an ESA Workshop on Solar Physics and Astrophysics at lntcrjcrometric
Resolution, pages 205-210, 1992.

Meadows, V. S. P1lL) thesis, University of Sydney, 1994.
Meadows, V. S., and 11. Crisp. Ground-based near-infrared observations of the Venus night-

sidc: ‘The thermal structure and water  al)undaucc  near the surface. J. G’cophys, Rcs.,
1995. this issue.

Na, ~. Y., L. W. llh~)osito, and T. E. skinner. I~dxumat  ional  (Jltravio]ct  13xplorcr observation
of Venus S 02 and S(). J. Gcophys. lies.,  95(1)6):7485--7491,  1990.

Na, C. Y., L. W. 12s~)osito, W. E. McClintock, and C. A. Barth. Sulfur-dioxide in the
atlnosphcn-c  of Venus 2. Modeling results. Icarus, 112:389  39{),  1994.

Noxon, J. F., W. A. Traub,  N. P. Carleton, and P. Con]Ies.  Dctcctio]]  of OZ dayglow  emission
from Mars and the Martian ozone abundance. AI). J., 207:1025-1035, 1976.

Parisot, J. P., and G. Morcwls.  Oxygen 1.27-pm emission from I,IIC atmosphere of Venus.
lcarus,  42:46 53, 1980.

]tothman,  L. S. Magnetic dipole infrared atmospheric oxygen l.)ands.  Appl. Optics, 21 (13):2428-
2431, 1982.

Seifr, A., 11. B. Kirk, R. E. Young, R,. C. Blallchard,  .J. ‘T. Findlay, G: M. Kelly, and S. C.
‘S~ ommer. Mcasurcmcmts of thermal structure and thermal contrasts in the atmosphere
of Vcllus and related  dynalnical  observations: 1 icsults  from the four 1 ‘ioncm  VCIIUS

probes. J. G’cophys.  Rcs., 85(AI 3) :7903-7333, 1980.
Shah, K. 1’., 1). O. Muhlcman,  and G. L. Berg-c. Mcasurc]ncnt,  of winds in Venus) u~)~)cr

mesoslhcre based on IIopplcr  shifts of the 2.&ml n ‘2C0  line. Icarus, 93:96-121, 1991.
Stamncs,  K., S. C. ~’say, W. Wiscombc,  and K. Jayawccra. Numerically stable algorithm for

discrclm-ordinat,c-method radiative transfer in multiple scattering and emitting layered
media. Appl. Optics, 27(12):2502--2509,  1988.

Stewart, A. I. F., J. C. Gdrard,  D. W. Rusch, and S. W. Boughcr. hlorphology  of the Venus
ultravio]ct  night airglow.  J. G’eophys. RM., 85(AI 3) :7861-7870, 1980.

Taylor, 1“. W., R. Beer, h4. T. Chahinc,  I). J. Diner, L. S. Elson, R. 1). Haskins, D. J.

34



#
1

.

MCCICCSC,  J. V. Martonchik,  P. E. Rcichley,  S. P. IIradlcy, J. Dclderficld, J. 1’. Schofield,
C. B. Farmer, L. Froidcwaux,  J. Lcung, h4. T. Coffey, and J. C. Gillc. Structure and
meteorology of the middle atmosphere of Venus: Infrared rcmot(! sensing from the
Pioncm  Orbiter. J. Gcophys. Rcs., 85( A13):7963  8006, 1980.

Traugcr,  J. T. and J. 1. I~lminc. Spectroscopy of molcculal oxy~;cn  ill the atjmosphcms of
Venus and Mars. Icarus, 55:272-281, 1983.

Yung, Y. L. and W. B. l)cMorc.  Photochemistry of tl]c stratosph[!rc!  of Venus: Implications
for atmospheric evolution. lcarus,  51:199 247, 1982.

35


